We examine the possibility that the corona is heated by a train of weak switch-on shocks which are formed in the chromosphere from a train of Alfvén waves, and which subsequently enter the corona from below. New results for the shock train propagation and dissipation and the resultant coronal heating are derived. It is shown that most of the energy in the shock train can be dissipated within one or two solar radii above the coronal base. A train of switch-on shocks therefore represents a viable coronal heating mechanism. The results are generalized to switch-on shocks in the solar wind. It is shown that such shocks can dissipate rapidly, but it is concluded that they are not the dominant factor governing the evolution of the solar wind turbulence.
I. INTRODUCTION
In a recent paper, Hollweg, Jackson, and Galloway (1981a;  hereafter Paper I) examined the propagation of Alfvén waves on solar magnetic flux tubes. They showed that waves with periods smaller than a few minutes can steepen into shock waves in the solar chromosphere. Both fast and slow MHD shocks are formed, but the energy is carried primarily by the fast shocks (see Jeffrey and Taniuti 1964 for a comprehensive summary of the properties of MHD shock waves). In Paper I it was also shown that the fast shocks can pass through the chromosphere-corona transition region and carry energy upward into the corona. The fast shocks can, in principle, carry an energy flux into the corona which is sufficient to replenish the radiation and heat conduction losses from quiet coronal regions or from coronal holes, as estimated by Withbroe (1976) .
Paper I suggested that the fast shocks will dissipate as they propagate outward through the corona, thereby heating the coronal plasma, but no calculations of the heating were performed. It is the purpose of this paper to partially fill this lacuna and provide estimates of the rate at which a "train" of fast shocks will dissipate and heat the corona. It will be shown that a train of fast shocks, with properties corresponding to the shocks suggested in Paper I as being candidates for coronal heating, can dissipate most of their energy within one or two solar radii above the coronal base. These dissipation lengths are small enough for the shock dissipation to be regarded as a viable coronal heating mechanism. This paper will also consider the dissipation of fast shocks in the solar wind. We envision the fast shocks as forming from the steepening of long period Alfvén waves of solar origin. These Alfvén waves, with a dominant period of 1-3 hr, have been suggested as a source of energy and momentum for the high speed solar wind streams (e.g., Hollweg 1973 Hollweg , 1974a Hollweg , 1975 Hollweg , 1978 Hollweg , 1981a Jacques 1977 Jacques , 1978 . Their generation by the Sun has been shown to be feasible (Hollweg 19816) , they may have been detected in the corona (Hollweg et al. 19816) , and their presence in the distant solar wind has been recognized for many years by in situ spacecraft measurements (e.g., Behannon 1975; Belcher and Davis 1971 ). An essential ingredient in our theoretical understanding of these waves is still missing, however; viz., the mechanism by which the Alfvén waves irreversibly dissipate has not been elucidated. One possibility is that the Alfvén waves steepen into shocks. Computations have demonstrated that Alfvén waves can steepen into fast shocks in the solar wind (Cohen and Kulsrud 1974; Steinolfson 1981; Wray 1973) , but analytical results for the dissipation rate of the resultant train of fast shocks have not been available. Accordingly, this paper will also provide analytical estimates for the dissipation rate of a train of fast shocks propagating in an expanding medium such as the solar wind. One of the interesting results is that under some circumstances the dissipation of a train of fast shocks closely resembles "saturation" of the shock train, in the sense that \&B\/B and | At;|/t; A are nearly constant as the shocks propagate outward from the Sun (Ä is magnetic field, v is plasma velocity, v A is the Alfvén speed, and the prefix A denotes the jump across the shock). It will be recalled that some workers have suggested that the nonlinear damping of Alfvén waves in the solar wind might lead to just such a 1982ApJ...254..806H CORONA AND SOLAR WIND HEATING 807 saturation of the relative wave amplitudes (Hollweg 1973 (Hollweg , 1978 Jacques 1978) . The saturated shock amphtudes are predicted to be much smaller than the observed amplitudes in the solar wind Alfvén wave field. The conclusion is that the nonlinear evolution of solar wind Alfvén waves does not proceed exclusively via the formation and subsequent dissipation of trains of fast shocks. On the other hand, the smallness of the predicted velocity variance implies that the shocks can dissipate rapidly in the solar wind. It is possible that fast shocks play some role in heating the solar wind inside 1 AU. It should be noted at the outset that our analysis will formally consider only a periodic train of switch-on shocks. The switch-on shock is a special case of a fast shock, which is particularly amenable to analysis. However, it should be noted that the shocks of Paper I are nearly switch-on shocks (this can be noted from Fig. 12 of Paper I, where there is a tendency for the transverse velocity to "switch on" across the shock). The analysis of this paper should therefore provide reasonable estimates of the dissipation rate of the coronal shocks of Paper I. Similarly, studies of shock formation in the solar wind (Cohen and Kulsrud 1974; Steinolfson 1981; Wray 1973) have shown that Alfvén waves can steepen into shocks which are essentially of the switch-on type. The switch-on shock is a special case of the fast shock. By definition, in the frame in which the electric field is zero, the component of velocity transverse to the shock normal "switches on" across the shock. The behavior of the transverse velocity versus distance (in the direction of the shock normal) is schematically illustrated in Figure 1 for two periodic shock trains which propagate toward the right of the figure. Boyd and Sanderson (1969, § 6-3-1) have given a convenient summary of the jump conditions across a switch-on shock. From their equation (6-42) and other auxiliary relations, the pressure jump, Ap, across the switch-on shock can be obtained:
where y is the (constant) ratio of specific heats, a is the ratio of the downstream mass density to the upstream mass density (n>l), and the subscript "1" denotes upstream conditions. The entropy per unit mass jumps by an amount AS, given by R JL (a-1) 2 .
A more convenient expression is obtained by rewriting AS in terms of the transverse magnetic field jump, AB n or transverse velocity jump, Av n across the shock. With a -1<1 and 477Y/? 1 /5f < 1, equation (6-42) of Boyd and Sanderson (1969) yields Thus,
Similarly, if a -1<1, equation (6-41) of Boyd and Sanderson (1969) yields
(p is mass density), and equation (5) can be rewritten
where R is the gas constant. Combining equations (1) AS R ~ 32w/7, \ ü A1 )
where t> A1 = ß 1 (47rp 1 ) _1/2 .
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Note that we have introduced the assumption that Airyp^/Bt < 1. This is easily shown to be a good approximation in the corona and in the solar wind, except perhaps near 1 AU. We have also assumed a -1<1. From equations (4) 
For the coronal regions which are being considered in this paper we have u A1 >1000 km s _1 , while Au r <100 km s-\and equation (8) is well-satisfied. However, we note in advance that equation (8) will be only marginally satisfied for the shocks in the solar wind, which will be considered in the next section. Equation (7) can be used to determine the plasma heating due to passage of a single shock. If there are r -1 shocks per unit time, then the average volumetric heating rate is 0 = jl 32 77T (9) Setting Q (from eq.
[9]) equal to the negative divergence of the average Poynting flux yields the following equation for At> r :
(for convenience, the subscript "1" has been dropped).
Here s is distance along the shock train trajectory, and & is the cross-sectional area encompassed by a bundle of neighboring trajectories. Since we are dealing with switch-on shocks, s can be taken to be distance along the average magnetic field, and Equation (11) then has the solution
This energy input into the plasma must be balanced by the (negative) divergence of the energy flux density carried by the shock train. If a -1 < 1 and 1, then the energy is carried primarily by the Poynting flux. In the frame in which the upstream gas is initially at rest, the Poynting flux immediately behind the switchon shock has a component in the direction of the shock normal given by a 3/2 p l (àv t ) 2 «ai; to be consistent with our earlier approximation that a -1<1, we must take a = 1 in this expression (the other components of the Poynting flux can be expected to average to zero in a long train of shocks, and they are henceforth ignored). Now, after passage of a switch-on shock, the plasma and magnetic field will relax back to their initial state before the next switch-on shock comes along (this statement does not have to hold rigorously, but Figs. 11 and 12 of Paper I show that it is nearly correct for the shocks considered there). This means that the Poynting flux will, in general, decrease as one moves away from the point immediately downstream from the shock. The average energy flux density carried by a train of switchon shocks will therefore be given by
where a>l (here P n denotes the component of the Poynting flux normal to the shock). The actual value of a depends on the details of the shock train profile. For example, if the transverse velocity varies linearly with distance behind the shocks, as in Figure \a , then it is easily shown that a = 3, while if the transverse velocity is "spiked," as in Figure 16 , then a >3 (the shocks in Paper I are quite spiky, and have a ^5).
( 12) where it has been assumed that a = constant, and the subscript "0" denotes conditions at some arbitrary location where s =0. The dissipation of the shock train is represented by the second term in the square brackets in equation (12). Before proceeding with the implications of equation (12), it is useful to note that a crude estimate of the shock train damping length, f, can be obtained directly from equation (11):
or, using equations (6) and (7),
It is interesting to note that equation (1) is identical to equation (60) of Osterbrock (1961) (note that our r/a is identical to Osterbrock's i 0 )-Osterbrock's results were for weak fast shocks, but with switch-on shocks implicitly excluded. The fact that our analysis agrees with Osterbrock's up to this point indicates that confining our attention to a train of switch-on shocks is not unduly restrictive.
To proceed further, the behavior of p/B 3 must be specified. Although equation (12) hole studied by Munro and Jackson (1977) between r = r 0 and r = 5r 0 , where r Q is the solar radius. (To obtain this result we have used the coronal electron densities given in Fig. la of Munro and Jackson and the radial variation of magnetic field strength implicit in their Fig. 3 . In addition, for the densities between r = r Q and r -2r Q we have used the polar minimum coronal densities in Fig. 6 of Newkirk 1967.) We shall also consider only radially propagating shocks, so that ds = dr. Thus, taking in equation (12) gives where A=2'u 2 T~'a 2 P" 0 p 0 r 0 Bö 4 .
Figure 2 displays the behavior of equation (16) for several values of A and for two values of b which bracket the value 6=3.5 which is appropriate for the coronal hole of Munro and Jackson (1977) . It can be seen that most of the energy flux carried by the shock wave train is dissipated within two solar radii above the solar surface, if A >0.05. For the shocks discussed in Paper I we take r = 60 s and a = 5. If the shocks carry an energy flux density sufficient to balance the coronal losses, then it is reasonable to take P wO = 2X10 5 ergs cm -2 s -1 . In a coronal hole we take B Q = 5 gauss and p G = 3.34X 10~1 6 g cm -3 (corresponding to an electron density of 2X10 8 cm -3 at the coronal base). We then obtain ,4=0.062. In a quiet coronal region the density can be expected to be somewhat larger, and the value of A is correspondingly larger. It can therefore be concluded that the shock wave train can in fact dissipate its energy at reasonably low heights in the corona. The dissipation of a train of fast shocks is therefore a viable mechanism for heating coronal holes or the quiet corona. It should be noted, however, that ,4 oc AE"
4 . In regions of high magnetic field strength, such as above sunspots or in coronal active regions, the shock wave train will not dissipate quickly enough to provide any significant coronal heating.
The average volumetric heating rate is given by equation (9). It is more conveniently rewritten as (18) In this expression, the quantity in square brackets is given by equation (12) 
The quantity in square brackets is again given by equation (12) or (16). Figure 4 displays the quantity (Q/p)(Po r o/ P no) f°r the same special case as was used in computing Figure 3 . Unlike the average volumetric heating rate, the average heating rate per unit mass has a peak above the coronal base.
This completes our discussion of shock wave dissipation in the corona. An essential feature of our analysis has been the neglect of any bulk flows in the corona, such as the solar wind. Such flows would affect the analysis in three ways. First, they would introduce a convective term into the energy flux carried by the shocks (eq. [10]). Second, in analogy with Alfvén waves in the solar wind, a train of switch-on shocks can lose energy reversibly by doing work on the solar wind flow (e,g., Hollweg 1973 Hollweg , 1978 , in addition to the energy lost by irreversible heating in the shock front. Third, in virtue of the Doppler effect, the mean period with which a moving parcel of gas is shocked is a function of position, and thus the quantity r introduced in equation (9) can not be regarded as a constant when the shocks are propagating in a flowing medium. These three effects depend on the ratio u/v A , where u is the bulk flow velocity of the corona. They are therefore small in the sub-Alfvénic region of the corona, i.e., inside ~10r o from the solar center. Since the shocks which we are Fig. 4. -The coronal heating rate per mass vs. heliocentric distance, due to dissipation of a train of switch-on shocks. It is assumed that pB~3 cc r 3 5 . The magnetic field strength is assumed to vary with r in the manner suggested by Munro and Jackson (1977) for a polar coronal hole. The parameter A is defined by eq. (17).
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CORONA AND SOLAR WIND HEATING 811 suggesting as heating the corona are almost completely dissipated inside 10r o , it is a good approximation to apply the analysis of this section to them and ignore the effects of coronal flow. However, shocks which might form from the steepening of longer period Alfvén waves will be able to propagate considerable distances into the solar wind, and an analysis which includes flow is necessary. Accordingly, the next section generalizes the above results to include bulk flow.
III. SWITCH-ON SHOCKS IN THE SOLAR WIND
relation then yields t = t,(ü a +m)/ü a ,
where 7 i is the mean period between shocks as seen by a stationary inertial observer; r, is a constant along a given field line. Equations (9), (22) and (23) Our analysis of switch-on shocks in the solar wind will be a straightforward extension of our previous analyses of Alfvén waves in the solar wind (see especially Hollweg 19746 ). We will exploit the fact that weak switch-on shocks have essentially the same properties as Alfvén waves, except that the shocks introduce an irreversible dissipation associated with the entropy jump across the shock.
The analysis is most conveniently carried out in the frame which corotates with the Sun. Hollweg (19746) has studied the propagation of undamped Alfvén waves in that frame and has shown that the quantity
is divergence-free; (Sr 2 ) is the velocity variance associated with the Alfvén waves, and u is the solar wind velocity in the corotating frame (note that «, AE, and r A are all parallel in that frame). The quantity S is closely related to the flux of wave action (e.g., Dewar 1970; Jacques 1977). If i#=0, then S = p(8v 2 )v A ] i.e., S is then identical to the mean energy flux density of the Alfvén waves. Comparison with equation (10) for the mean energy flux density in a shock train then suggests that S can be generalized to the case of a shock train by replacing (Sr 2 ) with (Av t ) 2 /a. Thus, in the absence of dissipation,
would be divergence-free. In the presence of dissipation, however, the divergence of 5' is given by
where Q is again the volumetric heating rate of the plasma (it is straightforward to verify eq. [22] by proving that the left-hand side of eq.
[22] is identically equal to the right-hand side of eq.
[17] of Hollweg 19746) . The quantity Q is given by equation (9), except that r must now be interpreted as the mean frequency of shocks in the moving plasma frame. If the shocks are weak, then they propagate nearly at the Alfvén speed relative to the plasma, and straightforward application of the Doppler (24) Equation (24) is the generalization of equation (11) to the case where the switch-on shocks propagate in a moving medium. Equations (24) and (11) are identical if u=0. Equation (24) implicitly contains (on the righthand side) the reversible loss of energy which occurs as the shock waves do work on the flow, while the irreversible heating due to the shocks appears on the left-hand side.
If a = constant, equation (24) 
where the subscript "0" denotes conditions at s -0. The second term in square brackets represents the loss of shock energy by irreversible heating. It is useful to note that the total shock wave energy lost by dissipation is bounded in a spiral solar wind magnetic field. To see this, consider the case where the magnetic field is an Archimedes spiral. Then at large heliocentric distances one has pocr~2, wocr, v A = constant, Bccr~\ ds/drctr^ and w»u A . The integral appearing in equation (24) is then proportional to fr~2dr. The integral remains bounded as the upper limit of integration approaches r = oo. The right-hand side of equation (25) asymptotes to a finite value as r ^ oo, and we therefore conclude that the energy loss is bounded.
We will not attempt to analyze equation (25) in detail. However, it is instructive to examine its behavior in the region of the solar wind where u can be taken approximately constant and where the magnetic field is nearly radial. In the solar equatorial plane, the region between ~0.1 and 0.5r o satisfies these constraints, while over the pole the entire region beyond 0.1 r G can be included. In that case ds -dr, pccr~2, Boir~2, and u A ocr -1 . The HOLLWEG Vol. 254 integral appearing in equation (25) If it is further assumed that the second term in the square brackets in equation (25) is the dominant term, equation (25) 
Equation (28) gives (Ao,) 2 /t^ = constant. In this sense the shock train is nonlinearly saturated. The saturated wave level can be estimated from equation (28). If u =400 km s -1 , T, = 1 hr, a = 5, r=0.5 AU, and ü a = 60 km s _l , we obtain from equation (28) that the saturated level of the shock amphtudes is (Aü,) 2 /ü a =0.2, or, since (8v l ) -{äv t ) 2 /a, the saturated level of the velocity variance is (8v 2 )/vX-0.04. Two conclusions can be drawn from this exercise. First, the fact that the saturated levels are small implies that the shock dissipation can be an efficient means of removing energy from a train of fast shocks in the solar wind. However, the observed amplitude of the Alfvén wave field in the solar wind is much larger than is predicted by equation (28), with (8v 2 )/vX^0.5 at 1 AU (e.g., Belcher and Davis 1971). The implication is that the nonlinear evolution of the solar wind wave field does not proceed exclusively via the development and subsequent dissipation of a train of switch-on shocks. However, the dissipation of the shocks is sufficiently rapid that some shocks may have formed, and quickly dissipated, inside the regions probed by spacecraft.
IV. DISCUSSION AND SUMMARY
The principal motivation of this work has been the theoretical prediction (Paper I) that fast shocks may enter the corona, after forming in the chromosphere from Alfvén waves propagating on solar magnetic flux tubes. We have assumed that the predicted shocks can be analyzed as a periodic train of switch-on shocks, and we have obtained a formal solution (eq. [12] ) for the energy lost to coronal heat as the shocks propagate through the corona. The specific case where pB 3 is a power law in r has been analyzed in more detail (eq. [16] ). This case applies to the coronal hole studied by Munro and Jackson (1977) , and it may apply to other coronal regions as well. We have found that the rate at which the shocks lose energy depends on the parameter A, given by equation (17). Estimates for coronal holes or quiet coronal regions indicate that A can be large enough for most of the shock wave energy to be converted into heat within one or two solar radii above the coronal base (the dissipation lengths are much longer in regions of strong magnetic field, however). Dissipation of fast shocks may therefore represent a viable mechanism for heating coronal holes or the quiet corona.
Are there observations which bear on this view of coronal heating? In Paper I it was noted that Brueckner's (1980) observations of "explosive" events in the transition region could be interpreted as evidence of fast shocks entering the corona from below. The events reported by Brueckner are temporally very "spiky," and many events show large amplitude Doppler shifts. These features are what one would expect if fast shocks were entering the corona. Brueckner's observations show the simultaneous presence of red and blue Doppler shifts in each event. This is consistent with the interpretation that the motions are twists on thin flux tubes which are not spatially resolved. If the motions are indeed twists, then the analysis of Paper I is directly relevant; the Alfvén waves of that paper were explicitly represented as twists, which were found to steepen into fast shocks (note that it has frequently been suggested that spicules rotate about their axes. If this is true, it represents a direct observation of twisting motions in the solar atmosphere and enhances the plausibility of the twist interpretation of Brueckner's events).
It is not clear whether Brueckner's events are frequent enough or energetic enough to satisfy the further requirements of this coronal heating theory. Using equation (10), the quantity^ can be rewritten as
where = t l is a measure of the lifetime of each shock event. Let us require y4>0.05, so that the shock train can dissipate its energy in the corona (see Fig. 2 (10), and r = 1 hr. This value of r is compatible with the observed frequency of the smaller events reported by Brueckner, but not with large events having At?, = 100 km s -1 . The conclusion is that the coronal fast shock heating theory is compatible with shocks as frequent as those predicted in Paper I, but it is not compatible with the frequency of events reported by Brueckner (1980) .
Other observations bearing on the coronal heating theory of this paper have been reported recently by Withbroe et al. (1981) . They investigated profiles of resonantly scattered hydrogen Lyman a coronal radiation. They conclude that the observations indicate that there is a maximum in the quiet coronal proton temperature at r^l.5 r Q . This result suggests that the quiet coronal heating acts over a considerable distance above the coronal base. Withbroe et al. reported Figure 3 shows that most of the energy can then be deposited below r ^ 1.5 r Q , in accordance with the analysis of Withbroe et al. The observations of extended coronal heating are therefore compatible with the fast shock heating mechanism proposed in this paper.
It should be noted that the quantity A should be smaller in coronal holes than in quiet coronal regions. The coronal heating mechanism proposed in this paper should therefore lead to a coronal hole temperature maximum at a greater distance from the Sun than in quiet corona. This is a prediction which can be tested observationally.
Finally, we should emphasize that a number of approximations have been made in order to yield straightforward analytical estimates of the shock dissipation. We have formally confined our attention to a periodic train of switch-on shocks. We have also been forced to introduce an unknown constant a. The actual evaluation of a depends on the details of the shock formation process, which is best investigated numerically, as in Paper I. We have also confined our analysis to weak shocks. Our applications to the corona and solar wind were self-consistent in this regard. The weak shock approximation is particularly convenient, however, since it allows us to easily exploit the similarity between switch-on shocks and Alfvén waves. Our analysis would not be applicable to cases where the shocks are strong; numerical techniques, such as those used in Paper I, would probably be more convenient in those cases.
Our results for the solar wind are primarily of academic interest, however, since they indicate that the nonlinear development of Alfvén waves does not proceed exclusively via formation of a switch-on shock train. However, our results do indicate that any such shocks which form should undergo rapid dissipation (our results for the solar wind are also partially invalidated in the vicinity of 1 AU by the breakdown of our assumption that ^ 1). The nonlinear evolution of the solar wind wave field clearly needs further investigation.
